eral mechanisms can underlie short-term synaptic depression, including vesicle depletion, receptor desensitization, and changes in presynaptic release probability. To determine which mechanisms affect depression under physiological conditions, we studied the synapse formed by auditory nerve fibers onto bushy cells in the anteroventral cochlear nucleus (the "endbulb of Held") using voltage-clamp recordings of brain slices from P15-P21 mice near physiological temperatures. Depression of both ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) excitatory postsynaptic currents (EPSCs) showed two phases of recovery. The fast component of depression for the AMPA EPSC was eliminated by cyclothiazide and aniracetam, suggesting it results from desensitization. The fast component of depression for the NMDA EPSC was reduced by the low-affinity antagonist L-AP5, suggesting it results from saturation. The remaining depression in AMPA and NMDA components is identical and therefore presynaptic in origin. It is likely to result from presynaptic vesicle depletion. Recovery from depression after trains of activity was slowed by the application of EGTA-AM, suggesting that the endbulb has a residual-calcium-dependent form of recovery. We developed a model that incorporates depletion, desensitization, and calcium-dependent recovery. This model replicated experimental findings over a range of experimental conditions. The model further indicated that desensitization plays only a minor role during prolonged activity, in large part because presynaptic release is so depleted. Thus depletion appears to be the dominant mechanism of depression at the endbulb during normal activity. Furthermore, calcium-dependent recovery at the endbulb is critical to prevent complete rundown during high activity and to preserve the reliability of information transmission.
I N T R O D U C T I O N
Synaptic strength is subject to a number of mechanisms, both pre-and postsynaptic. These include facilitation, vesicle depletion, receptor desensitization, and receptor saturation (Regehr and Stevens 2001; Trussell et al. 1998; von Gersdorff and Borst 2002; Xu-Friedman and Regehr 2004; Zucker and Regehr 2002) . Different mechanisms appear to predominate at different synapses (Regehr and Stevens 2001) . However, it is still unclear which mechanisms are physiologically important and how they affect neuronal computation.
To study this issue, we examined the synapse formed by auditory nerve (AN) fibers onto bushy cells in the mouse anteroventral cochlear nucleus (AVCN), termed the "endbulb of Held" (Lorente de Nó 1981) . This synapse is particularly useful because in vitro experiments have implicated several mechanisms of depression, including desensitization (Isaacson and Walmsley 1996; Oleskevich et al. 2000) , depletion (Bellingham and Walmsley 1999) , and a decrease in presynaptic release probability (Bellingham and Walmsley 1999; Oleskevich et al. 2000) . Desensitization and depletion have also been implicated at the homologous synapse in birds Otis et al. 1996; Trussell et al. 1993) . Recovery from depletion is much slower than from desensitization, which could cause very different effects on synaptic strength during normal activity.
To evaluate the physiological significance of different mechanisms of depression, the endbulb is particularly useful because its activity in vivo has been well characterized. AN fibers can fire at rates of Յ300 Hz during sound stimulation (Johnson 1980; Joris et al. 1994a; Kiang 1965; Sachs and Abbas 1974; Taberner and Liberman 2005) . Furthermore, bushy cells play a role in sound localization, where precise timing is important. Endbulb synapses appear to reduce jitter in the timing of bushy cell spikes (Joris et al. 1994a,b) by mechanisms that depend on synaptic strength (Xu-Friedman and Regehr 2005a,b) . Thus it is important to understand how activity can affect synaptic strength and thereby the temporal precision of bushy cell spiking.
The amount of depression that results from a decrease in presynaptic release probability is somewhat controversial. Bellingham and Walmsley (1999) first described this mechanism at the endbulb and suggested that it was responsible for all depression of both ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) components of the excitatory postsynaptic current (EPSC). One characteristic of the mechanism was that it was abolished by application of cyclothiazide (CTZ), which is used to prevent AMPA receptor desensitization (Yamada and Tang 1993) , and acts specifically in many (Chen et al. 2002; Dittman and Regehr 1998; Trussell et al. 1993; Xu-Friedman and Regehr 2003) , but not all (Diamond and Jahr 1995; Ishikawa and Takahashi 2001) , preparations. The CTZ-sensitive form of depression described by Bellingham and Walmsley (1999) has not been described at any synapse besides the endbulb. It is therefore important to determine under what circumstances it is revealed.
To evaluate the relative importance of various mechanisms of depression, we conducted studies in mouse brain slices. We tested for the importance of AMPA receptor desensitization using cyclothiazide and aniracetam, which both prevent desensitization (Boxall and Garthwaite 1995; Yamada and Tang 1993) but through different mechanisms (Partin et al. 1996) .
By comparing AMPA and NMDA EPSCs, we could study presynaptic forms of depression. We saw no evidence of a CTZ-sensitive change in presynaptic release probability. The presynaptic mechanism was most likely to be vesicle depletion, based on its recovery characteristics. In addition, recovery from depletion was activity dependent. Based on our results, we developed a simple model of synaptic transmission that duplicates plasticity at the endbulb. This model indicated that, although desensitization is prominent at this synapse, it plays only a minor role during periods of high activity. Depletion dominates under these circumstances and activity-dependent forms of recovery are critical to maintaining information transmission.
M E T H O D S
Slices were cut from the auditory brain stem of P15-P21 CBA/CaJ mice as described previously (Xu-Friedman and Regehr 2005a) . Briefly, animals were anesthetized and decapitated; the slices were removed and placed into low-sodium, ice-cold cutting solution containing (in mM): 76 NaCl, 26 NaHCO 3 , 75 sucrose, 1.25 NaH 2 PO 4 , 2.5 KCl, 25 glucose, 7 MgCl 2 , and 0.5 CaCl 2 , bubbled with 95% O 2 -5% CO 2 (pH 7.8, 305 mOsm). Slices were cut at a slight angle from sagittal, to best preserve straight projections of the auditory nerve, using an Integraslice 7500 MM (Campden Instruments, Loughborough, UK) at 200-m thickness and incubated at 30°C for 20 min in low-sodium solution and then for 40 min in standard recording solution containing (in mM): 125 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 20 glucose, 1 MgCl 2 , 1.5 CaCl 2 , 4 Na L-lactate, 2 Napyruvate, and 0.4 Na L-ascorbate, bubbled with 95% O 2 -5% CO 2 (pH 7.4, 310 mOsm). This Ca concentration is close to physiological conditions (Manthei et al. 1973) . Slices were then maintained at room temperature until recording. Recordings were made either in the standard recording solution or in a solution with 3 mM CaCl 2 and 0 mM MgCl 2 . These recording solutions are referred to by their calcium concentration, i.e., 1.5 Ca e and 3 Ca e . Recordings were preferentially made in the dorsal and anterior parts of the nucleus, where bushy cells are enriched. Bushy cells were identified by their characteristically large and fast EPSCs (Isaacson and Walmsley 1995) . It is not possible in these conditions to discriminate between spherical and globular bushy cells.
All recordings were carried out at 34°C in the presence of 10 M strychnine to block glycine receptors. We tested whether it was necessary to block group II/III metabotropic glutamate autoreceptors or ␥-aminobutyric acid type B (GABA B ) activation by applying 2
, and 20 M (2S,1ЈS,2ЈS)-2-(2-carboxycyclopropyl)-2-(9H-xanthen-9-yl) glycine (LY341495). These drugs had no effect on paired-pulse ratio (PPR) (for ⌬t ϭ 10 ms, PPR was 0.52 Ϯ 0.10 in control and 0.49 Ϯ 0.08 in blockers, P Ͼ 0.2, paired t-test, n ϭ 3) or steady-state EPSC amplitude (for 100 Hz, relative amplitude ϭ 0.26 Ϯ 0.07 in control and 0.22 Ϯ 0.06 in blockers, P Ͼ 0.1; for 200 Hz, 0.12 Ϯ 0.04 in control and 0.11 Ϯ 0.03 in blockers, P Ͼ 0.2; for 333 Hz, 0.05 Ϯ 0.01 in control and 0.05 Ϯ 0.01 in blockers, P Ͼ 0.2, paired t-test, n ϭ 3). Therefore these blockers did not appear necessary and were not used in most experiments. The bath was perfused at 3-4 ml/min using a pump (403U/VM2; Watson-Marlow, Wilmington, MA), with saline running through an in-line heater (SH-27B with TC-324B controller; Warner Instruments, Hamden, CT). Recordings of AMPA EPSCs were made in the presence of 5 M 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphoric acid (CPP). Cyclothiazide was used at 50 M and aniracetam was used at 5 mM from a stock of 0.5 M in DMSO. Application of identical concentrations of DMSO alone had no significant effect on EPSCs or paired-pulse depression (for ⌬t ϭ 10 ms, PPR changed from 0.35 Ϯ 0.04 to 0.38 Ϯ 0.03 in 0.14 M DMSO, P Ͼ 0.2 for this and all other intervals tested, paired t-test, n ϭ 3). EGTA-AM was diluted from a stock solution of 100 mM in DMSO to a final concentration of 100 M immediately before usage. Slices were viewed using an Olympus (Melville, NY) BX51WI microscope with a ϫ60 objective. Whole cell recordings were made from bushy cells using an Axopatch 700B amplifier (Molecular Devices, Sunnyvale, CA) using an internal solution containing (in mM): 35 CsF, 100 CsCl, 10 EGTA, 10 HEPES, and 1 N-(2,6-dimethylphenyl carbamoylmethyl)triethylammonium chloride (QX-314) pH 7.2, 302 mOsm). Pipettes were pulled from 1.5-mm OD, 0.86-mm ID borosilicate glass (Sutter Instrument, Novato, CA) to a resistance of 1-2 M⍀. Cells were voltage clamped at Ϫ70 mV, with access resistance 3-12 M⍀ compensated to 70%. AN fibers were stimulated with an electrode placed in the AVCN with a 0.2-ms pulse of 6 -14 A (A360 stimulus isolator; World Precision Instruments, Sarasota, FL). For NMDA EPSCs, recordings were made in 3 Ca e and in the presence of 10 M 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX). Single or paired stimuli were applied every 10 s. For paired NMDA EPSCs at short intervals, the amplitude of the second pulse was determined after subtracting the average single-pulse EPSC. Train stimuli were applied every 30 s. Stimulation and data collection were done using an ITC-18 (Instrutech, Port Washington, NY) controlled using custom-written software running in Igor (WaveMetrics, Lake Oswego, OR). Most chemicals were purchased from Sigma (St. Louis, MO); CGP55845, CPP, CPPG, CTZ, LY341495, and NBQX were purchased from Tocris Bioscience (Ellisville, MO); L(ϩ)-2-amino-5-phosphonopentanoic acid (L-AP5) from Acros (Morris Plains, NJ); and EGTA-AM from Invitrogen (Carlsbad, CA).
R E S U L T S

Depression at the endbulb of Held
We examined short-term synaptic plasticity at the endbulb synapse by recording from bushy cells in whole cell voltage clamp in brain slices. We stimulated the presynaptic inputs using pairs of pulses with a range of interpulse intervals (⌬t). We first examined the synaptic current carried by AMPA receptors by blocking all other synaptic conductances with strychnine and CPP, under conditions as close to physiological as possible (1.5 Ca e , 34°C). At all intervals, the second EPSC recorded in the bushy cell was depressed with respect to the first (Fig. 1, A and B) . At ⌬t ϭ 10 ms, the ratio of the second EPSC to the first (paired-pulse ratio [PPR]) was 0.63 Ϯ 0.03 (mean Ϯ SE, n ϭ 17 cells). This depression appeared to recover in two phases, fast and slow. To enhance depression for easier study, we increased the external calcium to 3 mM (3 Ca e ). At this concentration, both fast and slow components of depression were greater (Fig. 1B) . On average, the PPR at ⌬t ϭ 10 ms was 0.38 Ϯ 0.03 (n ϭ 15). For endbulbs measured in both conditions, the first EPSC increased in amplitude as depression increased (Fig. 1C) . This increase in EPSC 1 and depression with higher Ca e is consistent with all mechanisms of depression that have been proposed to date.
We fit the time courses of recovery in the two different calcium concentrations using a double-exponential curve (Fig.  1B) , which yielded two components of depression that recovered with time constants of approximately 10 ms and 2 s. This suggests that two distinct processes with different time courses contribute to depression.
Desensitization and depression
The depression of Fig. 1 could be attributable to presynaptic processes such as vesicle depletion or to postsynaptic processes such as receptor desensitization. The fast component seemed to match the time course of desensitization that has been seen at other synapses (Chen et al. 2002; Rozov et al. 2001; Trussell et al. 1993; Xu-Friedman and Regehr 2003) . Desensitization has also been implicated at the endbulb synapse in rats (Isaacson and Walmsley 1996) .
We tested for the importance of desensitization using 50 M cyclothiazide (CTZ). Application of CTZ affected the time course and amplitude of AMPA EPSCs ( Fig. 2A) . Singleexponential fits of the decay phase of the EPSC were 0.34 Ϯ 0.04 ms in control and 1.31 Ϯ 0.40 ms in CTZ, which was a 3.29 Ϯ 0.54-fold increase (n ϭ 12). The amplitude of the first EPSC did not increase significantly (101 Ϯ 3%). However, for very short intervals, the amplitude of the second pulse increased more than the first, leading to an increase in PPR ( Fig.  2A, right) . This effect was greatest at intervals Ͻ50 ms, essentially eliminating the fast component of depression, but having no noticeable effect at longer intervals (Fig. 2, B and C). For ⌬t ϭ 10 ms, PPR was 0.42 Ϯ 0.03 in control conditions and 0.67 Ϯ 0.05 in CTZ (n ϭ 5). We quantified the effectiveness of CTZ by computing the percentage change in PPR, which was greatest at ⌬t ϭ 10 ms (67 Ϯ 3%), and decayed to near 0 by 50 ms (Fig. 2D) .
CTZ can have nonspecific effects on the presynaptic terminal (Bellingham and Walmsley 1999; Ishikawa and Takahashi 2001) . We saw no evidence of this under our experimental conditions. If CTZ affected presynaptic release, it would have been expected to affect the entire recovery curve in Fig. 2C . However, CTZ affected only the fast component and left the slow component unchanged (Fig. 2D ). Thus it seemed likely that under our experimental conditions, the effects of CTZ were specific to preventing postsynaptic receptor desensitization.
We further confirmed these results using aniracetam, which is not reported to have the nonspecific effects on other channel types seen with CTZ. Aniracetam gave results similar to those of CTZ. The amplitude of the first EPSC did not increase significantly (105 Ϯ 7%, n ϭ 6). However, the decay phase of the EPSC was slower by a factor of 3.86 Ϯ 0.47 ( ϭ 0.233 Ϯ 0.022 ms in control, 0.917 Ϯ 0.178 ms in aniracetam). Furthermore, PPR increased in aniracetam, but the fast component was not completely eliminated. The PPR at ⌬t ϭ 10 ms was 0.56 Ϯ 0.07 (n ϭ 6), which was an increase of 31 Ϯ 4% over control, again with no effect for ⌬t Ն50 ms. This is consistent with the lower efficacy of aniracetam, even at its limit of solubility (5 mM) (Lawrence et al. 2003) . Thus the effects of aniracetam were similar to those of CTZ, although it was less effective at reducing depression. These results provide additional support that the fast component of depression results from AMPA receptor desensitization and that CTZ and aniracetam specifically prevent it.
CTZ could also change PPR by increasing the "affinity" of AMPA receptors for glutamate (Partin et al. 1994) . Thus PPR may appear to increase if CTZ caused both EPSC 1 and EPSC 2 to get larger, although EPSC 1 saturates. This hypothesis predicts that EPSC 2 should increase uniformly for different cells because EPSC 2 is not saturated. Thus for a given cell, if CTZ causes a significant increase in PPR, it must result from a comparatively smaller increase in EPSC 1 ; cells with a small increase in PPR should have a relatively larger increase in EPSC 1 . However, if CTZ relieves depression primarily through a change in desensitization, then EPSC 1 should uniformly increase among all cells, whereas EPSC 2 should increase more for cells where CTZ had a greater effect (i.e., desensitization was greatest).
We tested these two alternatives by plotting the increases in EPSC 1 and EPSC 2 against the increase in PPR for individual cells (Fig. 3) . The increase in EPSC 1 was fairly uniform across all cells, regardless of the change in PPR (Fig. 3 , open symbols). However, the change in EPSC 2 was larger for cells in which CTZ had a greater effect (Fig. 3 , closed symbols). These results are consistent with the target of CTZ being desensitization but they are not consistent with PPR measurements being contaminated by saturation effects.
NMDA component of the EPSC
The NMDA component of the EPSC provides additional information about the mechanisms of depression. First, NMDA receptor kinetics are unaffected by CTZ, so the NMDA EPSC provides a useful control for the specificity of CTZ. Second, because both AMPA and NMDA receptors respond to the same glutamate signal, they can provide information about presynaptic forms of depression.
We studied the NMDA EPSC in 3 Ca e in the presence of NBQX (Fig. 4) . These experiments were conducted at a holding potential of Ϫ70 mV (3 Ca e lacks magnesium). NMDA EPSCs at short intervals also show significant depression (Fig.   4A ), although because of its slow kinetics, EPSC 2 summates with EPSC 1 . Recovery from depression is best fit with a double-exponential curve, with time constants of approximately 70 ms and 1.6 s. The slow component of recovery appears to have kinetics similar to those of the slow component observed for depression of the AMPA EPSC, and thus may share a common mechanism. However, the fast components have quite different kinetics, suggesting that they may result from different processes.
We first used the NMDA EPSC as a test for the specificity of CTZ. Application of 50 M CTZ caused no significant change in NMDA EPSC depression in 3 Ca e (Fig. 4 , A and B; P Ͼ 0.1 for all points, paired t-test, n ϭ 7). To verify that NMDA receptor saturation did not mask changes in presynaptic release, we repeated these experiments in the standard recording solution containing 1.5 Ca e . A holding potential of ϩ35 mV was used in 1.5 Ca e to relieve magnesium block of the receptor. The PPR in 1.5 Ca e for ⌬t ϭ 10 ms was 0.52 Ϯ 0.04 in control and 0.55 Ϯ 0.03 in CTZ, with an average increase in PPR of 6.7 Ϯ 3.9% (n ϭ 6). Thus CTZ had no significant effect on depression for the NMDA component of the EPSC. This provides additional evidence that CTZ specifically affects postsynaptic AMPA receptor desensitization and that the fast component of depression for the AMPA EPSC results from desensitization.
NMDA depression
We wanted to use the NMDA component of the EPSC to examine presynaptic contributions of depression. However, as noted earlier, recovery from depression of the NMDA EPSC appeared to follow a somewhat different time course compared with AMPA, especially in the fast components of recovery. We therefore tried to determine the mechanisms underlying the fast component of NMDA depression. One likely candidate is NMDA receptor saturation. Saturation arises when the number of receptors activated is sublinearly related to the amount of neurotransmitter released. Glutamate has high affinity for the NMDA receptor and slow dissociation kinetics (Clements et al. FIG. 3. CTZ does not change PPR through saturation. The change in EPSC amplitude and PPR on addition of CTZ was quantified for individual cells. Some cells showed large changes in PPR, whereas others showed less effect. The amplitude of EPSC 1 (open symbols) changed uniformly regardless of the effect on PPR, whereas the amplitude of EPSC 2 (closed symbols) correlated with the effect on PPR. These results are not consistent with CTZ reducing depression by increasing saturation of the first pulse (see RESULTS for explanation). These results are pooled from experiments conducted in 1.5 Ca e (triangles) and 3 Ca e (circles). Lines are fits to the data. 1992). Therefore after an initial release of glutamate, fewer receptors may be available for the second pulse. This is consistent with the slow kinetics of the NMDA EPSC evident in Fig. 4 .
To test this possibility, we used the low-affinity NMDA receptor antagonist L-AP5 (Olverman et al. 1988) , which prevents some NMDA receptors from binding glutamate and being activated during the first pulse. L-AP5 can dissociate rapidly from some of these receptors because it has a low affinity, thereby revealing NMDA receptors that are unbound to glutamate. These receptors can respond to a second pulse of glutamate. For this method to work, L-AP5 must block most, but not all, NMDA receptors. We determined the optimal concentration of L-AP5 by doing experiments similar to those shown in Fig. 5 , A-C. For single stimuli, the NMDA EPSC was blocked with a K d of 112 Ϯ 13 M (Fig. 5D ). We also looked at the effect of L-AP5 on paired stimuli with ⌬t ϭ 10 ms. With increasing L-AP5, we saw a significant increase in PPR, indicating the presence of receptor saturation (Fig. 5C) . Fits of the dose-response for the effect on paired pulses yielded an EC 50 of 250 Ϯ 190 M (Fig. 5E) .
To determine whether saturation contributes to the fast component of NMDA EPSC depression, we recorded pairs of pulses of varying intervals in the presence of 400 M L-AP5. We used this concentration because it significantly reduced saturation, but retained large enough EPSCs for reliable peak measurements. We found that L-AP5 significantly reduced the fast component of depression, but had little effect on the slow component. The greatest effect was for ⌬t ϭ 10 ms, where PPR increased from 0.39 Ϯ 0.04 to 0.62 Ϯ 0.04 (n ϭ 7; Fig. 5F ). This suggests that the fast component of NMDA EPSC depression results from saturation, whereas the slow component results from a separate process.
The recovery characteristics of NMDA and AMPA EPSCs are compared in Fig. 6 . In control conditions, there is a significant difference in initial recovery rate, but not in the slow component of recovery (Fig. 6A ). Our data suggested that the fast components of recovery from depression result from desensitization for the AMPA component of the EPSC and saturation for the NMDA EPSC. If these two forms of postsynaptic depression could be blocked, the remaining depression is likely to be due to presynaptic forms of depression. We next compared the recovery of the AMPA EPSC in the presence of CTZ with the NMDA EPSC in the presence of L-AP5. We found that the difference was now very small (Fig. 6B) , suggesting that the remaining depression is presynaptic in origin. Based on the time course of recovery, this mechanism is most likely to be vesicle depletion.
Activity-dependent recovery
The time course of presynaptic recovery may result from multiple factors, including the reuptake and recycling of released vesicles or the priming of reserve vesicles. Some of these pathways evidently take place in the absence of activity, but there are forms of recovery that are triggered by increased activity, through the accumulation of residual calcium (Dittman and Regehr 1998; Sakaba and Neher 2001; Stevens and Wesseling 1998; Wang and Kaczmarek 1998 ; see also Weis et al. 1999; Worden et al. 1997) .
To test whether recovery at the endbulb depended on activity through a calcium-dependent process, we used EGTA-AM. EGTA is a slow calcium chelator, which has the effect of speeding the decay of residual calcium (Atluri and Regehr 1996) . When EGTA-AM is applied to slices, it is taken up by all the cells, and the acetoxymethylester groups are cleaved, trapping EGTA within the cell. The postsynaptic cell is unaffected because the patch pipette sets its intracellular composition. Thus EGTA application specifically causes residual calcium in the presynaptic terminal to decay more rapidly.
We tested for calcium-dependent forms of recovery using pairs of pulses because single pulses are sufficient to induce accelerated recovery only at some synapses (Dittman and Regehr 1998) . These experiments were all conducted in 3 Ca e , along with 50 M CTZ to prevent desensitization. We applied 100 M EGTA-AM for 5 min and then examined paired-pulse recovery (Fig. 6C ). There was no significant change in recovery, notably at very early time points, where residual calcium is expected to have its greatest effect. This lack of effect also suggests that facilitation plays a minor role at these synapses under these conditions. Although we saw no effect of EGTA-AM with pairs of pulses, some synapses require more extensive activity to trigger these activity-dependent processes (Wang and Kaczmarek 1998) . Auditory nerve fibers normally fire at high rates, which would be likely to generate much higher levels of residual calcium, so it is possible that such a process would be triggered during trains of activity. To test this, we induced depression with a five-pulse, 100-Hz conditioning train and applied test pulses at different intervals (Fig. 7A) . Depression at the end of the train was quite strong, but recovered rapidly (Fig. 7A) . This strong depression, even in the presence of CTZ, suggests that forms of depression other than desensitization can play a large role during trains. On average, the depression for ⌬t ϭ 10 ms after the final pulse was 0.23 Ϯ 0.07 relative to EPSC 1 (n ϭ 6 cells; Fig. 7D ). The recovery followed a double exponential, with a large rapid component ( Х 40 ms) and a smaller slow component ( Х 2 s).
We applied EGTA-AM in the same way and then tested recovery from train-induced depression. The effects of EGTA-AM reached steady state after about 2 min of application. After EGTA-AM application, the EPSCs of the conditioning train did not change appreciably (Fig. 7, B and C) . The initial amount of depression was also minimally affected (Fig. 7, B  and C) . On average, the depression at ⌬t ϭ 10 ms was 0.25 Ϯ 0.07 relative to EPSC 1 . The major difference was that the rate of recovery was dramatically slowed. For the sample experiment in Fig. 7 , A-C, there was significantly greater depression for ⌬t ϭ 100 ms after application of EGTA-AM, even though there were only minimal effects on EPSC 1 , the conditioning train, and the depression at ⌬t ϭ 10 ms. Recovery still followed a double exponential, but the rapid component ( Х 60 ms) was substantially reduced and the slow component ( Х 2 s) dominated.
The greatest effect of EGTA-AM was at intermediate stimulus intervals. We quantified this by taking the absolute difference in depression at all time intervals (Fig. 7E) . (We did not quantify using relative changes in depression because, at short intervals, they were highly subject to slight variations in EPSC amplitude because the absolute amplitudes involved were so small.) We found that the test pulses most affected by EGTA were at 0.05 to 1 s, peaking around 0.2 s. These results suggest that there are activity-dependent forms of recovery from depression that rely on residual calcium.
We note that this process should not be confused with facilitation. They are similar, in that both depend on residual calcium, have similar time courses, and affect the size of EPSCs (Atluri and Regehr 1996; Felmy et al. 2003; Muller et al. 2007; Regehr and Stevens 2001; Zucker 1999) . However, the effect of EGTA-AM application cannot be explained as eliminating facilitation. This is most easily understood by considering the post-EGTA recovery curve (Fig. 7B) and adding a facilitation mechanism onto it. This should give larger EPSCs immediately after the conditioning train, which then A: paired-pulse recovery in control conditions for AMPA (n ϭ 11 experiments) and NMDA (n ϭ 7) EPSCs. The contribution of postsynaptic mechanisms of depression causes the curves to differ at short intervals. Asterisks mark significant differences (P Ͻ 0.01, unpaired t-test). B: paired-pulse recovery for AMPA EPSCs in the presence of CTZ to prevent desensitization (n ϭ 5) and NMDA EPSCs in the presence of 400 M L-AP5 to prevent saturation (n ϭ 7). With postsynaptic contributions to depression reduced, the remaining depression is likely of presynaptic origin. C: pairedpulse recovery for AMPA EPSCs before and after treatment with EGTA-AM, all in the presence of CTZ (n ϭ 5 experiments).
FIG. 7. Endbulb synapses show calcium-dependent recovery from depression.
A: representative experiment showing rapid recovery after a conditioning train of 5 pulses at 100 Hz. Test pulses are conducted at a range of intervals after the conditioning train. All trials were conducted in the presence of CTZ. Test pulses are the average of 5-7 trials. B: effects of 5-min application of 100 M EGTA-AM on the conditioning train (left) and test pulses at ⌬t ϭ 10 ms (center right) and ⌬t ϭ 100 ms (far right). C: experimental time course of EGTA-AM wash-in for the first EPSC in the conditioning train (EPSC 1 ), as well as test pulses at ⌬t ϭ 10 and 100 ms. D: average recovery for 6 experiments before and after application of EGTA-AM. Recovery data are fit with a double-exponential curve (see legend to Fig. 1) . In control, A 1 ϭ 0.54 Ϯ 0.07, 1 ϭ 44 Ϯ 18 ms, A 2 ϭ 0.24 Ϯ 0.04, 2 ϭ 2.2 Ϯ 0.3 s. After EGTA-AM, A 1 ϭ 0.23 Ϯ 0.08, 1 ϭ 64 Ϯ 6 ms, A 2 ϭ 0.53 Ϯ 0.07, 2 ϭ 1.8 Ϯ 0.3 s. Asterisks mark significant differences (P Ͻ 0.01, one-sided, paired t-test). E: the difference in recovery before and after EGTA-AM is applied from the same experiments as shown in D. Asterisks mark significant differences (P Ͻ 0.01, one-sided, paired t-test).
decay back to the slower recovery curve. This is not what is observed in control conditions. Thus facilitation and calciumdependent recovery are distinct processes. The same reasoning applies to the mechanisms underlying posttetanic potentiation. We also note that forms of depression that appear to be driven by calcium (Forsythe et al. 1998; Hsu et al. 1996; Xu and Wu 2005) cannot explain the faster recovery rate after high levels of activity. If calcium-sensitive mechanisms of depression were related to the recovery rate seen here, then reduction of calcium should reduce depression. We find the opposite on the addition of EGTA-AM, which is consistent only with calcium driving a rapid recovery process.
Modeling synaptic depression
To determine whether the mechanisms studied earlier are sufficient to explain the depression of the AMPA EPSC, we sought to develop a simple model incorporating presynaptic vesicle depletion, activity-dependent recovery, and postsynaptic desensitization. We calculated the relative size of the ith EPSC in a train of stimuli by
where F is the probability of release, D i is the proportion of release sites that are ready to release on the ith pulse, and S i is the proportion of receptors that are available (i.e., not desensitized). We did not model changes in F because facilitation does not appear to be present under our conditions (Fig. 6C) .
RECOVERY FROM DEPLETION. Activity-dependent changes in D i are based on the work of Dittman and colleagues (Dittman and Regehr 1998; Dittman et al. 2000) and are repeated here for completeness. The number of release-ready sites D is reduced by release, such that immediately after a release event, D decreases by FD i , and then recovers to resting levels at a rate depending on a calcium-dependent process dD dt
where k 0 is the resting recovery rate and CaD(t) is the calciumbound state of a sensor that drives a rapid recovery process of rate k max . The interaction between the rapid recovery process and the calcium-bound sensor is modeled as a simple affinity given by K D . CaD increments after each EPSC and decays to resting levels by a simple exponential, given by
These equations yield an analytical expression for D iϩ1 based on the preceding pulse
where ⌬t is the interval between pulses. DESENSITIZATION. We supposed that postsynaptic AMPA receptor desensitization depended on the concentration of extracellular glutamate in the synaptic cleft. This departs from previous models that treated desensitization as a different receptor state with a single of recovery (Brenowitz and Trussell 2001; Hennig et al. 2007 ). Our model tries to capture desensitization as a result of extracellular glutamate concentration that is gradually cleared. Glutamate drives desensitization according to a simple binding reaction
where S is the proportion of receptors that are available (not desensitized) and K S is the binding affinity of the receptor for extracellular glutamate. After the ith release event, the glutamate concentration increments by the amount just released and then decays exponentially back to resting levels, so that the glutamate concentration at the (i ϩ 1)th pulse is given by
where ⌬t is the interval between pulses and S is the rate of glutamate clearance.
MODEL PERFORMANCE. We measured short-term changes in synaptic strength for several cells in Fig. 8 , in response to paired-pulse stimuli in 1.5 or 3 Ca e with and without CTZ (Fig.  8, A and B) , as well as in response to regular trains of activity in 1.5 Ca e (Fig. 8C) . The 1.5 Ca e is a better match to physiological conditions (Manthei et al. 1973) . EPSC amplitude showed considerable changes depending on the conditions. To test how well the model performed, we simultaneously fit parameters to minimize 2 across all experimental conditions. We required that excluding the desensitization process should match the CTZ data and that matching the data in 3 Ca e should require a change only in the probability of release. Using the set of parameters in Table 1 , the model was able to replicate the fast and slow components of paired-pulse depression (Fig. 8, A  and B) . Eliminating desensitization from the model nearly eliminated the fast component of recovery and aligned well with the CTZ data. By incorporating calcium-dependent recovery from depression, the model also captured the behavior during trains (Fig. 8C, red lines) . When calcium-dependent recovery was excluded, the model could not match experimental data during trains (Fig. 8C, blue lines) .
The removal of calcium-dependent recovery results in much greater depression during brief trains. At first glance, this seems to conflict with the experiments of Fig. 7 . In those experiments, application of EGTA-AM did not change EPSCs in the conditioning train. This apparent difference is likely to result from the fact that these manipulations are not equivalent. EGTA-AM accelerates the decay of, but does not completely eliminate, residual calcium. Brief increases in residual calcium that persist in EGTA-AM may be adequate to drive the fast recovery process during the conditioning train in Fig. 7 , but not during the later test pulses (see Supplemental Fig. S1 ).
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Despite its simplicity, the model may help give insights into the importance of different mechanisms of depression during activity. We considered the importance of depletion (1 Ϫ D) and desensitization (1 Ϫ S). As expected, depletion appreciably built up during trains, especially at the highest frequencies (Fig. 8D) . Desensitization had the greatest impact at the beginning of a train (Fig. 8E) , presumably because glutamate release is greatest then, which causes the most desensitization. However, because depletion becomes significant later in a train, the amount of glutamate released decreases, so desensitization is less prominent.
We also estimated the steady-state amount of depression for regular trains, by taking the amplitude of the last pulse in a 100-pulse train. The steady-state EPSC was large at low frequencies, but showed increasing depression for frequencies Ͼ30 Hz (Fig. 8F, black lines) . However, responses were not abolished, even for activity at the very high firing rate of 500 Hz. We again considered how different mechanisms of depression contributed to this. Depletion made the greatest contribution at all frequencies considered. Depletion showed a gradual increase until about 20 Hz. The rate of this increase depends primarily on the value of k 0 , i.e., the activity-independent form of recovery. At about 20 Hz, the amount of depletion increases considerably (Fig, 8F, asterisk) . The firing rate at which the amount of depletion begins this increase seems to depend the most on the value of D , i.e., the time constant at which calcium-dependent recovery returns to baseline. Desensitization contributed very little to depression. Its greatest contribution was at firing rates Ͼ100 Hz, although at those rates, depletion was much greater.
This situation contrasts with that when calcium-dependent recovery is not present (Fig. 8F, dashed blue lines) . Under these conditions, the steady-state EPSC is much smaller than that of the full model and depressed to near 0 by 100 Hz. This indicates that calcium-dependent recovery is important even at low frequencies and is critical to synaptic function at physiological firing rates. Steady-state desensitization never reached significant levels in the absence of calcium-dependent recovery.
D I S C U S S I O N
We found that the mechanisms of depression at the mouse endbulb of Held were both pre-and postsynaptic. Depression of both AMPA and NMDA EPSCs recovered by a doubleexponential process. For AMPA EPSCs, the faster process was likely to be desensitization because it was eliminated by CTZ and aniracetam. For NMDA EPSCs, the faster process was likely to be saturation because it was eliminated by the lowaffinity antagonist L-AP5. With these two distinct postsynaptic mechanisms removed, the remaining depression reported by both AMPA and NMDA EPSCs was very similar, suggesting a mechanism that was presynaptic in origin. This mechanism is likely to be vesicle depletion. During trains of activity, recovery from presynaptic depression was accelerated and recovery was slowed by the calcium chelator EGTA. We further showed that these mechanisms could be incorporated into a very simple model with few free parameters and that this model could account for changes in synaptic strength during longer periods FIG. 8. A simple model incorporating presynaptic vesicle depletion, calciumdependent recovery, and postsynaptic receptor desensitization can replicate experimental data with few parameters. Data are collected in 1.5 Ca e (A, C) and 3 Ca e (B) to show paired-pulse recovery (A, B) and depression during regular trains of different frequencies (C). Details of the model are presented in the RESULTS. Model parameters were fit by minimizing 2 across all experimental conditions (see Table 1 of activity. The model showed that depletion plays a greater role than desensitization in depression. In addition, the model indicated that calcium-dependent forms of recovery are critical to the function of the synapse. Without these processes, the amount of depression would be much greater, rendering the synapse nearly silent at physiological firing rates. Our results are consistent with a number of studies that have identified postsynaptic processes as important in depression at the endbulb (Isaacson and Walmsley 1995; Oleskevich et al. 2000; Trussell et al. 1998) . We found that desensitization contributes to depression, particularly at short interpulse intervals. However, during prolonged activity, depression can be very strong even when desensitization is reduced by CTZ, as in the short conditioning trains of Fig. 7 . This suggests that the presynaptic mechanism of depression dominates during extended activity, as the model also indicates.
A few presynaptic mechanisms of depression are possible, including extracellular calcium depletion, calcium-channel inactivation, and vesicle depletion. Calcium depletion seems unlikely because its induction appears to require more extended activity than we used here (Borst and Sakmann 1999) . Furthermore calcium-channel inactivation at the calyx of Held follows a much slower time course than the depression we observed (Xu and Wu 2005) . Our results are more consistent with vesicle depletion. The presynaptic component of depression recovers with a time course similar to vesicle reuptake and rerecruitment found at other synapses (Betz and Bewick 1992; Ryan et al. 1993 ). In addition, the presynaptic component of depression displays a calcium-dependent form of recovery, similar to that found at the cerebellar climbing fiber synapse (Dittman and Regehr 1998) , where vesicle depletion has been identified using variance-mean analysis (Foster and Regehr 2004) . The molecular basis for this rapid form of recovery is not known, but has been suggested to rely on a calmodulindependent pathway (Sakaba and Neher 2001) , acting through Munc-13 (Junge et al. 2004 ).
Our results conflict with an earlier study of paired-pulse depression at the rat endbulb. Bellingham and Walmsley (1999) found that recovery from depression of both AMPA and NMDA EPSCs followed a single exponential time course and that CTZ abolished depression of both receptor components. By contrast, we found that depression follows two distinct time courses, that CTZ was specific for eliminating the rapid component of AMPA depression, and that CTZ had no effect on NMDA EPSCs. Thus we saw no evidence for a CTZ-sensitive presynaptic form of depression. Although we cannot be certain why our experiments differ, two factors seem important. First, Bellingham and Walmsley (1999) studied rats of somewhat younger ages using paired pulses of ⌬t Յ150 ms. In our results (Figs. 1, 2 , 4 -6, and 8), and theirs (see their Figs. 1, 2, and 4), recovery was not complete by 150 ms, possibly suggesting a second mechanism of depression, but it would have been less evident on that timescale. The difference between our observations of the effect of CTZ on NMDA depression is not clear. One possibility is that rat endbulbs are subject to nonspecific effects of CTZ, whereas mouse endbulbs are not. Alternatively, it is possible that additional auditory nerve fibers were recruited in the rat. Empirically, CTZ application can cause changes in fiber excitability, leading to the recruitment of additional axons following stimulation. In our experience, it is easier to stimulate multiple inputs in the rat than in the mouse.
Furthermore, we took great care to isolate single fibers in our study. A clear answer to these questions would require sideby-side comparisons, which is beyond the scope of this study.
Modeling depression
The model we have developed differs from previous models in the implementation of desensitization. Experiments in the chick nucleus magnocellularis as well as in cerebellar mossy fibers have emphasized that accumulation of extracellular glutamate plays an important role in desensitization-induced depression (Trussell et al. 1993; Xu-Friedman and Regehr 2003) . We used a very simple model of extracellular glutamate to drive desensitization of receptors. This approach was able to replicate the fast component of depression in AMPA EPSCs.
The model has proven useful in several ways. First, it indicated the critical importance of calcium-dependent recovery in the functioning of the endbulb. Leaving it out of the model, as we had in earlier iterations, made it impossible to fit all the experimental data. Without calcium-dependent recovery, the extent of depression during trains is much too great (Fig. 8 ) and indicates its importance during the high rates of activity normally shown at this synapse. Second, the model provides some confirmation that the processes we have identified experimentally are sufficient to account for synaptic plasticity under multiple circumstances. One of the strengths of this type of model is that its simplicity allows derivation of analytical solutions, while it evidently captures synaptic plasticity quite closely. Third, the model allows us to "look under the hood" to evaluate the importance of different mechanisms of depression during complex activity. The model indicates that depletion plays a dominant role in depression, particularly at high firing rates, whereas desensitization makes a minor contribution only during high-frequency activity.
Fourth, because the model empirically duplicates synaptic behavior over a range of conditions, it is very useful for exploring how synaptic plasticity may influence postsynaptic behavior in response to realistic presynaptic activity. Arbitrary spike trains, such as those based on recorded auditory nerve activity, can be translated into synaptic strength using the model and then applied to postsynaptic cells using methods such as dynamic clamp. In combination with models of bushy cell activity (such as Xu-Friedman and Regehr 2005a) , the model could convert auditory nerve activity into bushy cell activity, which might be useful in the development of prostheses that directly stimulate the cochlear nucleus.
Functional implications
It is somewhat surprising that desensitization plays such a minor role during trains of activity. Desensitization can be quite prominent in paired-pulse experiments and it could have been the case that further glutamate accumulation during trains would result in desensitization being of primary importance. However, the experimental and modeling results suggest that the dominant mechanism of depression is depletion. The most likely reason for this is that rested synapses can release large amounts of glutamate. As the presynaptic terminal becomes increasingly depleted during bouts of activity, the amount of glutamate released becomes smaller and desensitization de-clines. Thus even though brain stem auditory synapses typically show significant desensitization, this probably has a minor effect during the prolonged activity common in the auditory system, where depletion effectively reduces desensitization. Desensitization may increase in its contribution during a brief burst of high-frequency spikes, such as might be encountered during irregular activity.
These findings may also shed light on the functional importance of the particular glutamate receptor composition at synapses. The AMPA receptors at the endbulb likely contain the gluR4 flop isoform (Petralia et al. 2000) . This receptor type appears to confer to EPSCs both brief duration and desensitization-induced paired-pulse depression. This raises the question of what the critical selective pressure is to drive expression of gluR4 flop . It could be that the brief EPSC is critical to fine temporal precision and desensitization-induced depression is a side effect. Alternatively, it could be that the properties of desensitization-induced depression are critical to the information-processing properties of synapses, for example, because they have much faster recovery compared with depleting synapses. The results presented here suggest that the prominent fast component of depression plays a comparatively minor role during more realistic activity, in which case selective pressure likely favored rapidly desensitizing receptors mainly for the sake of temporally precise EPSCs.
Finally, these experiments indicate that calcium-dependent recovery is absolutely critical to the function of the endbulb. It has been clear since the initial reports that calcium-dependent recovery increases synaptic strength (Dittman and Regehr 1998; Stevens and Wesseling 1998; Wang and Kaczmarek 1998) . This is particularly dramatic at the endbulb where high rates of activity are common (Johnson 1980; Joris et al. 1994a; Sachs and Abbas 1974) . Without calcium-dependent recovery, the synapse would be rapidly depleted at physiological rates of activity. This contrasts with synapses made by bipolar cells in the retina and hair cells in the cochlea. These synapses are notable for reliability even during constant, high rates of activity, and they also have morphological features that differ from those of most synapses, i.e., large electron-dense structures (the "ribbon" or "synaptic body"). One question is whether the ribbon is necessary for reliability or synchronization, although it does clearly affect vesicle fusion at hair cells (Khimich et al. 2005) . Endbulb synapses contain no obvious ribbon (Nicol and Walmsley 2002 ), yet they are able to support fast, highly synchronous release, with rapid recovery. Endbulbs could be similar to cerebellar mossy fiber synapses, which appear to draw on an extraordinarily large reserve of vesicles to maintain release during high rates of activity (Saviane and Silver 2006) . The mobilization of such a pool probably requires the presence of calcium-dependent recovery, so perhaps ribbon synapses and nonribbon central synapses solve a similar problem in different ways. Future work will be necessary to compare the recovery mechanisms at these two types of synapses.
